The pathogenic yeast Cryptococcus neoformans is distinguished by an extensive polysaccharide capsule, which impedes host defences and is absolutely required for fungal virulence. Despite the biological importance of the capsule, nothing is known about how it is assembled. Substantial capsule growth occurs in two distinct situations relevant to cryptococcal pathogenesis: formation of new buds and induction of capsule on mature cells. We developed pulse -chase protocols to examine these events in a dynamic way using a variety of microscopy techniques. We show that the capsule overlying buds is newly synthesized and differs physically from the corresponding parental material. New capsule formed by mature cells upon induction of synthesis is added at the inner aspect of the existing structure, displacing pre-existing material outwards. Surprisingly, new polysaccharide material is also deposited throughout the capsule, yielding a progressively denser structure. These results yield the first model of capsule synthesis and open new lines of investigation into the underlying mechanisms.
Introduction
Cryptococcus neoformans is an opportunistic fungal pathogen that causes serious disease in immunocompromised individuals (Casadevall and Perfect, 1998; Rodrigues et al., 1999; Harrison, 2000) , including meningitis in 5-10% of AIDS patients (Currie and Casadevall, 1994) . This meningitis is fatal if untreated, and currently available therapies are inadequate because of dose-limiting toxicity, incomplete clearance of infection and the emergence of drug-resistant strains of Cryptococcus.
The major virulence factor of C. neoformans is an extensive polysaccharide capsule that surrounds the cell wall (Fromptling et al., 1982; Kwon-Chung and Rhodes, 1986; Kozel, 1995) ; capsule size depends on the strain and growth conditions (Littman, 1958; Vartivarian et al., 1993; Rivera et al., 1998) . This structure is unique among pathogenic fungi and has been implicated in numerous mechanisms by which the pathogen adversely affects host immune defences (Buchanan and Murphy, 1998) . Anticapsular monoclonal antibodies protect against infection in certain experimental models and are being investigated for use as therapeutic agents . Elaboration of the capsule is not essential for the growth of cryptococcus in culture (Kozel and Cazin, 1971; , but is required for the organism to cause disease (Chang and Kwon-Chung, 1994) . Most of the cryptococcal capsule is composed of two complex glycans, glucuronoxylomannan (GXM) and galactoxylomannan (GalXM). GXM is an extensive polymer (< 1 000 000 Da) that consists of a linear mannose backbone substituted with monosaccharides of glucuronic acid and xylose. GalXM is a smaller (< 100 000 Da) galactose-based polymer with oligosaccharide side-chains containing galactose, mannose and xylose. A minor mannoprotein has also been suggested as being associated with the capsule. The chemical structures of the capsular polysaccharides have been studied extensively (Cherniak and Sundstrom, 1994; Vaishnav et al., 1998) . Genes whose products are required for capsule production have been identified (Chang and Kwon-Chung, 1994; 1999; Chang et al., 1996) , and biochemical studies have demonstrated several activities that are probably involved in capsule synthesis (Jacobson and Payne, 1982; Jacobson, 1987; White et al., 1990; Doering, 1999) . However, nothing is known about the secretion and assembly of capsule, or how it associates with the cell.
To understand the steps leading to mature capsule in molecular detail, it is important first to develop a model of capsule growth at the whole-cell level (Doering, 2000) . The extensive secretion of capsule into the extracellular milieu in vivo (Goldman et al., 1994) and in vitro suggests several models for capsule growth (Fig. 1) . One possibility is that new polysaccharide is added adjacent to the cell wall in a process in which capsule precursors are secreted across the plasma membrane and cell wall and displace existing material (model I). Alternatively, capsule components shed or secreted from the cell could diffuse outwards and associate with distal parts of the structure. This model (II) is suggested by experiments showing that capsular polysaccharide purified from culture medium can bind to acapsular mutants of Cryptococcus (Kozel, 1977; Kozel and Hermerath, 1984; Small and Mitchell, 1986) . Lastly, new material may be interspersed with old (model III), or a combination of these scenarios might occur. Distinguishing between these schemes and determining the pattern of capsule growth is fundamental to elucidating capsule synthesis.
Capsule synthesis on a large scale occurs in two distinct physiological situations. One of these is during bud formation, when cells multiply and produce encapsulated progeny. Active capsule synthesis can also be induced by environmental conditions, either in vivo after infection or in vitro by manipulation of culture conditions (Granger et al., 1985; Vartivarian et al., 1993) . We have investigated the deposition of new polysaccharide during both budding and capsule induction in order to differentiate between the models presented above. To do this, we used a combination of techniques that should be applicable to other questions of eukaryotic glycan synthesis.
Results

Capsule growth during bud formation
Upon entry into a host, cryptococcal cells greatly increase their production of capsular polysaccharide, resulting in larger capsules (Casadevall and Perfect, 1998) . To examine cells with capsules similar in size to those that occur in vivo and to enable the use of quantitative microscopic techniques, we induced cells to develop large capsules in vitro. This effect was achieved by growing cells in low-iron medium (LIM; Nyhus and Jacobson, 1999) , a condition known to induce capsule growth (Vartivarian et al., 1993; Nyhus et al., 1997) .
We first examined the origin of extracellular material surrounding buds to determine whether existing parental glycan is remodelled and incorporated into the bud capsule or whether daughter cells incorporate only newly synthesized polysaccharide. The capsule surrounds the cell wall of cryptococcus, so we defined the inner edge of the capsule by covalently tagging the wall with aminofluorescein (fluorescein) via a carbodiimide reaction. The fluorescein co-localized precisely with calcofluor white, a compound known to bind to chitin in fungal cell walls (Pringle, 1991) , and fluorescein tagging did not alter subsequent growth of fungal cells (data not shown). Capsule was visualized with a monoclonal antibody prepared against isolated capsular material (2H1) conjugated to Cy5 (Cy5-2H1). To minimize potential interference with capsule growth, antibody was used at subsaturating concentrations throughout these studies (concentrations determined by antibody binding curves; not shown). This level of antibody did not alter the rate of cell growth or the increase in capsule size upon induction (not shown).
We used a pulse-chase protocol to distinguish new buds from pre-existing buds and parental cells. Cells were grown in LIM to induce capsule synthesis, tagged with fluorescein and/or Cy5-2H1 ('pulse') and then returned to culture to allow further growth and bud formation ('chase'). As shown in Fig. 2A and B, buds that appeared during the chase period contain no fluorescently labelled cell wall material, and each bud neck appeared as a discontinuity in the fluorescent ring of the parent cell wall. This shows that the cell wall overlying buds is formed de novo, as has been demonstrated for Saccharomyces cerevisiae using fluorescently tagged antibody or conconavalin A as cell wall markers (Chung et al., 1965; Tkacz and Lampen, 1972) . This observation is also consistent with electron micrographs of budding Cryptococcus, which suggest that maternal and bud cell walls are distinct structures (Cassone et al., 1974) .
When cells were labelled with Cy5-2H1 to tag capsule and then subjected to chase, new bud sites were manifested in the parent capsule as wedges of unlabelled material ( Fig. 2C and D) . Upon three-dimensional image reconstruction (not shown), these regions appeared as unstained conical volumes. (As will be shown below, 2H1 antibody can bind newly synthesized capsular material.) Cells pulsed with both fluorescent probes and then chased demonstrate that the two labelled structures are adjacent and non-overlapping ( Fig. 2E-H ). These data show that components of maternal capsule and cell wall are not detectably incorporated into the daughter cell. Instead, pre-existing structures at the bud site must be degraded or remodelled to allow bud emergence, and the nascent cell incorporates only newly synthesized material. Newly made capsule present on buds appears to be structurally distinct from parental capsule. This becomes evident when encapsulated cells are imaged after exposure to solutions of India ink, a technique used clinically to diagnose cryptococcal infection. The capsule excludes the particulate suspension that composes the ink, yielding a unique halo appearance around the refractile edge of the cell (Fig. 3, top left) . As shown in Fig. 3 , India ink particles become concentrated at the periphery of bud capsules, suggesting a region of looser structure in which particles become trapped. This pattern is observed in daughter cells as early as they can be identified by light microscopy (Fig. 3, top right) , but is not seen in parental cells.
Capsule growth during induction
The India ink results suggested that the newly assembled capsule overlying buds has a more open structure than the capsule of adjacent parental cells. We wondered whether this was a general property of newer capsule, with capsule structure changing in density as it ages. To investigate this directly, cells were examined by quick-freeze, deep-etch microscopy. The appearance of the capsule changed substantially with the amount of time that cells were grown under capsule-inducing conditions (Fig. 4) . Samples induced for 5 h ( Fig. 4A and B) showed fibrils of capsular material radiating from a particulate outer layer of the cell wall and intertwining to form a loose meshwork. Samples grown for an additional 10 h ( Fig. 4C and D) had a similar overall appearance, but comparison of images at the same magnification (left and right) shows that the meshwork does indeed become more dense and highly elaborated with time, even though cell size excluding capsule remains relatively constant (not shown).
Interpretation of the observed increase in fibril density, in the context of an overall increase in capsule size upon induction, required further studies. To follow capsule change, we used a pulse-chase protocol as for the earlier budding experiments. Examination of cells at different times after an antibody pulse showed that labelled polysaccharide material (i.e. older material) moved away from the cell wall, leaving an unlabelled gap between the cell wall and the inner boundary of labelled capsule (Fig. 5 , compare top and bottom panels). Additionally, antibody labelling became more diffuse during the growth period (Fig. 5C ).
The results shown in Figs 4 and 5 suggested that new capsule, i.e. capsule that is not fluorescently labelled, was incorporated as a homogeneous rim adjacent to the cell wall and also interspersed with the pre-existing material surrounding this region. However, the experiment shown in Fig. 5 would not detect material potentially added at the capsule periphery. To test whether such addition occurred, we conjugated a different fluorophore to 2H1 and added it at the end of the chase period (Fig. 6 ). As expected, the capsule overlying a bud formed during the chase was labelled only with the second antibody (blue in Fig. 6D ). However, on the parent cell, both antibodies co-localized throughout the capsule (pink in Fig. 6D ), with no regions that consistently showed only one fluorophore bound. Co-localization of the second antibody with the first is expected, because the initial incubation with antibody used subsaturating concentrations. If distal addition of new material had occurred during the chase period, we would also have detected an outer rim of the second antibody. Such a staining pattern was never observed. This experiment also showed that 2H1 antibody is able to bind the newly synthesized capsule on buds.
We interpreted the unlabelled area adjacent to the cell wall (Fig. 5C ) as representing new capsule deposition. Based on this interpretation, we had expected antibody added at the end of the chase to bind to this region of the capsule in a double antibody labelling, which would have appeared as a singly labelled inner rim of capsule. That we did not observe this (Fig. 6) suggested that antibody added after chase could not fully access the interior of the capsule. To test this explanation, we grew cells in LIM for various periods of time and then labelled them with antibody at the end of the growth periods, in contrast to earlier experiments in which antibody was present from early time points. We found that the ability of antibody to label the capsule fully was reduced as the time of capsule induction increased, such that cells grown in LIM for 20 h exhibited a marked gap in staining between the capsule and the cell wall (Fig. 7) . This discontinuity was quantified by measuring the distance between the peak intensities of cell wall-associated and capsule-associated signals ( Fig. 7B and D) . As shown in Fig. 7E , this value increased steadily with time. This could result from a loss of the 2H1 epitope from the unstained region, a finite distance of penetration of antibody that is revealed only in the case of large capsules (late time points) or increased capsule density preventing full antibody access to binding sites. The first explanation is eliminated by a recent study (Feldmesser et al., 2000) that used immunoelectron microscopy to show 2H1 binding throughout thin sections of extremely large capsules. As far as finite penetration of antibody is concerned, there is a precedent for this in the case of IgM antibodies that bind only to the outer edge of the capsule (Feldmesser et al., 2000) . Additionally, recent work by MacGill et al. (2000) suggests that IgG antibody specific for the cryptococcal capsule mediates cross-linking of the capsular surface, with the result that additional antibody cannot penetrate to the interior of the capsule. Given these factors, a combination of increased size and density could yield the partial labelling seen in our studies.
The antibody studies in Figs 5 and 6 indicated that new capsule synthesis occurred predominantly at the inner aspect of the capsule, just outside the cell wall. However, we wanted to complement these experiments with a method that would have no potential physical impact on capsule structure and could not be affected by changes in that structure over time. To do this, we radiolabelled cells metabolically with [
3 H]-xylose and then examined them using thin-section electron microscopic (EM) autoradiography. In this method, silver grains of a photographic emulsion applied to EM sections are developed only where radioactive disintegration occurs, indicating the position of the radiolabelled compound with an irregular dense track (Bozzola and Russell, 1992) . We categorized the location of radiolabel visually, based on the centre of each track, as cell or capsule associated, further distinguishing between inner, middle or outer portions of the capsule (Fig. 8) . For clarity, the example images shown in Fig. 8 and all those used to quantify location were short exposures, in which only one or a few silver grains are exposed per cell. Longer exposures of the photographic emulsion before development showed dense labelling throughout the capsule, which did not permit accurate localization of signal (not shown). No label was observed that was not in association with cells.
To examine the distribution of radiolabel over time, we compared cells that were labelled for 15 min and chased for the same interval with cells that were labelled for 15 min and chased for 3 h. A tally of signal location (Table 1) indicated that label moved out of the cell and into the capsule during the chase period, with capsule-associated signals redistributing from inner to outer regions. This movement is clearly shown in Fig. 9 by the ratio of signal distribution: the fraction of label associated with the cell was reduced by 20% during the long chase, whereas label associated with the outer part of the capsule increased several fold. When cell-associated label was further divided into signals located in the cell wall and those clearly in the cell interior, the values for the wall rose slightly during chase (ratio calculated as in Fig. 9 ¼ 1.14) , whereas the internal label dropped sharply (ratio ¼ 0.64). These ratios indicate that some of the labelled sugars accumulate in the glycan structure of the cell wall over time.
Discussion
To approach a molecular understanding of cryptococcal capsule synthesis, we must first define the events involved at the cellular level. To date, no studies have assessed the pattern of capsule growth in a dynamic way. It is known that capsule size increases dramatically under certain in vitro and in vivo conditions, probably regulated by multiple signal transduction pathways (Alspaugh et al., 1998; Lengeler et al., 2000) . However, the physical pattern of new synthesis has not been established.
New capsule overlying buds
We have now examined capsule construction in two physiologically important situations: growth that occurs on new buds and growth induced by environmental conditions. In the first case, we find that capsule from parental cells is segregated from buds, with minimal transfer of this material to progeny cells. In a few cases, we detected hints of antibody-labelled capsule at the base of buds (Fig. 6B ) but never at the distal portion. This suggests that newly synthesized capsule is directed to the bud tip, similar to observations on cell wall synthesis in other fungi (Tkacz and Lampen, 1972; Farkas et al., 1974) . The wedgeshaped discontinuity in capsule labelling that develops at the mother -bud junction suggests that remodelling mechanisms exist to alter capsule structure and allow bud emergence. In EM autoradiography experiments, we noted that buds frequently displayed disproportionate amounts of signal relative to the parent cell ( Fig. 8E and F) . This is consistent with the bud and its capsule being the major sites of glycan synthetic activity.
The India ink results clearly show a physical difference between parental capsule and the capsule that overlies emerging buds, with the accumulation of ink particles implying the presence of a looser capsule mesh. This could represent degradation or remodelling of parental capsule at the bud site or an inherently looser structure of new capsule associated with the bud. Several lines of evidence support the latter interpretation. First, the entire outer surfaces of buds exhibit particle accumulation even when they are close to release from the parent (Fig. 3, left column, third image) . Secondly, our EM results (Fig. 4) show directly that newer capsule has a looser structure. Finally, when growing cells were labelled at saturating concentrations of 2H1, buds were stained less intensely (Feldmesser et al., 2000) , supporting the idea that their capsule is less dense than that of the parent cells.
New capsule on parental cells
In the case of buds, we have shown that the entire thickness of the capsule results from new synthesis (Fig. 2) . However, for mature cells induced to elaborate capsule by environmental conditions, the new polysaccharide must be incorporated into the existing structure. This raises the issue of where new material is incorporated into the growing capsule of mature cells. Our examination of capsule that has been induced by LIM indicates that newly synthesized material is incorporated in two ways (Fig. 10) . First, pre-existing capsular polysaccharide is displaced outwards by new material over time, seen as the development of a gap between the cell wall and the original antibody label (Fig. 5) and as the distal shift in the distribution of radiolabelled sugars (Fig. 9) . These observations are consistent with a mechanism by which new capsule components are secreted at the outer boundary of the cell wall and become associated with the capsule near that site. This might be analogous to the synthesis of bacterial capsule, in which subunits are attached at the plasma membrane (Whitfield and Valvano, 1993; Roberts, 1996) .
Experiments that demonstrate high-affinity binding of shed capsule polysaccharides to acapsular cells suggest that a saturable binding process may occur (Kozel and Hermerath, 1984; Small and Mitchell, 1986) , but details of this association have not been established. Displacement of pre-existing capsule may contribute to the observed constitutive shedding of capsule into the surrounding environment, whether that is culture medium or the tissues and body fluids of an infected animal. It is also possible that polysaccharide displaced from a position adjacent to the cell wall remains associated with the capsule, for example by cross-linking to anchored polysaccharide. This could yield the denser capsule seen at later time points of capsule induction.
In a second process, pre-existing capsular material spreads out, observed as a more diffuse appearance of the original antibody label. As new buds, which we know are competent to bind antibody (Fig. 6) , do not become labelled in the course of these experiments, this change in labelling pattern most probably represents the position of the tagged polysaccharide and not antibody relocalization. Spreading is a logical consequence of capsule displacement because the layer of capsule originally adjacent to the cell wall must occupy a larger surface as it moves away from the cell. In apparent contrast, electron micrographs (Fig. 4) and fluorescence experiments in which antibody is added after cell growth (Fig. 7) indicate that the physical structure of the capsule becomes more dense with time. Together, these observations suggest a process of capsule remodelling, in which older capsule fibres are dispersed and serve as a framework for the deposition of new material. This could also explain the appearance of some radiolabel throughout the capsule, even at relatively short chase times. As capsule develops with time and new material is incorporated, perhaps accompanied by progressive cross-linking of existing components, the overall structure increases in density. This maturation scenario is reminiscent of models of cell wall growth in S. cerevisiae, in which wall components become increasingly cross-linked over time, and the structure becomes less 'plastic' (reviewed by Lipke and Ovalle, 1998) . Similar to the cell wall, the capsule must adapt to allow cell growth and budding: some of the biological strategies required for this adaptation may be conserved among fungi, even though the glycan-based structures involved are quite distinct.
This model for capsule growth defines areas for future work to achieve the dual goals of understanding capsule assembly and finding ways to inhibit this process. For example, it is important to investigate the nature of the association between the capsule and the cell wall, which may be mediated by interaction of the polysaccharide with a surface receptor or anchor structure. This will suggest mechanisms of capsule displacement and remodelling. Assessing the site of synthesis and the mode of secretion of capsular polysaccharide is also critical. Ultimately, besides elucidating the fascinating biology of capsule construction, these investigations may enable the development of agents to inhibit this process and thereby abrogate cryptococcal virulence.
Experimental procedures
Strains and cell growth
Cryptococcus neoformans strain H99 (serotype A, from A. Casadevall, Albert Einstein College of Medicine, Bronx, NY, USA) was grown with continuous shaking in yeastpeptone -dextrose (YPD) medium [1% (w/v) bacto yeast extract, 2% (w/v) peptone, 2% dextrose] at 308C. For capsule induction, cells were grown in YPD to a density below 10 7 ml
21
, washed twice in PBS and resuspended in LIM (Nyhus and Jacobson, 1999) , containing 0.5% (w/v) dextrose, 100 mM EDTA and 100 mM bathophenanthroline disulphonic acid (an iron chelator). Cell growth was monitored by haemocytometer counts.
Labelling procedures
For fluorescent labelling of cell wall, cells were washed in PBS and resuspended in 50 ml of 1 mg ml 21 4 0 -(aminomethyl) fluorescein (Molecular Probes). A 5 ml aliquot of freshly prepared 1 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (Molecular Probes) was added, and the cells were incubated at room temperature for 5 min, then washed twice with PBS. For antibody treatment, cells were washed twice with PBS, then resuspended at 1.8 Â 10 7 ml 21 in PBS containing 1% bovine serum albumin (BSA). Purified monoclonal antibody was added to a concentration of 1 mg ml 21 , and . Cells were incubated with shaking at 308C for the indicated labelling time, diluted 50-fold into LIM with a 200-fold excess of non-radioactive xylose as a chase and grown for the time indicated. At the end of the chase period, cells were washed five times in cold PBS and prepared for EM autoradiography (see below).
Optical microscopy
Differential interference contrast (DIC) images of C. neoformans in India ink were obtained with a Leica DMIRB equipped with a 63Â 1.32 numerical aperture objective. Images were captured with a Princeton Instruments cooled CCD camera driven by METAMORPH imaging system software (Universal Imaging). For visualization with India ink, actively growing cultures at low density were diluted twofold in distilled water, mixed with 0.2 volumes of India ink (Eberhard Faber), kept at room temperature for 20 min and examined by DIC.
Confocal images were acquired with a Zeiss LSM510 laserscanning confocal microscope operated in multitrack mode to remove any potential contribution from cross-talk between fluorophores. For each experiment, elimination of cross-talk was confirmed using single-labelled samples. Post-acquisition image analysis was performed with METAMORPH imaging software, and images were prepared for publication using Adobe PHOTOSHOP. Briefly, off-cell background intensity values were subtracted from all images, and brightness and contrast were enhanced. The intensity profiles displayed in Figs 5 and 7 were obtained with Zeiss LSM510 software and represent fluorescence intensity values along single-pixelwide bisecting lines across the cells. To minimize the contribution of noise in the intensity profiles shown in Fig. 7 , METAMORPH imaging software was used to average intensity values from 10 single-pixel bisecting lines. Reversing fluorophores or labelling cell wall and capsule with the same fluorophore yielded identical results to those shown, demonstrating that there were no optical artifacts resulting from differences in fluorophore wavelengths. Additional control experiments using 6 mm beads infused with dyes of similar wavelengths to those used in our experiments (Molecular Probes) showed exact overlap of the green and red profiles (peak-to-peak distance ¼ 0; not shown), confirming the absence of any optical aberrations potentially introduced by the microscope.
Electron microscopy
For quick-freeze, deep-etch microscopy, cells were washed in water and processed as described previously (Souto-Padron et al., 1984) . Briefly, cell pellets were quick frozen using a liquid helium-cooled copper gravity block, freeze fractured in a Balzer's apparatus and immediately etched for 2.5 min at 21058C. Replicas were made by rotary shadowing with platinum and carbon applied from an angle of 248, cleaned in chromic acid, washed in distilled water and transferred to 400-mesh Formvar-coated microscope grids for viewing in a Jeol transmission microscope operated at 100 kV.
For EM autoradiography, radiolabelled cells were washed (3 Â 5 min) in 0.1 M cacodylate, pH 7.4, and fixed for 1 h in the same buffer containing 1% osmium tetroxide and 0.15% ruthenium red (Electron Microscopy Sciences). Fixed cells Capsule growth in C. neoformans 113 were rinsed three times in buffer alone, pre-embedded in 1.5% agar (Sigma A-9045) and dehydrated in a series of graded ethanol solutions followed by propylene oxide. Samples were embedded in Spurr resin using extended infiltration times and sectioned with an RMC MT-7 ultramicrotome. Sections (50 -80 nm) were collected on 0.3% Formvar-coated grids, counterstained with uranyl acetate and Reynolds lead and coated with a fine layer of carbon (EMS 950 carbon coater). Grids were coated with prewarmed (408C) Ilford L4 nuclear research emulsion, air dried and stored in a light-tight box with desiccant until development (Kodak D-10, 2 min; Kodak Rapid Fix, 2 min; water rinse; air dry) and viewing with a Jeol 1200EX. The number of developed silver grains observed was in good agreement with expected values based on counts per cell, section thickness and exposure time. No developed grains were observed overlying grid regions without cellular material.
